Remanufacturing can effectively help reduce the environmental burden considering that it reduces both the natural resources needed and the waste produced. Currently, remanufacturing has been widely applied in the process instrumentation industry. Considering that the instrumentation makes up the brain of a process operation, how to remanufacture instrumentation plays a decisive role in the safety and economy of a plant. However, challenges such as what is the best time to performing remanufacturing and what components should be replaced, are still not being addressed because the remanufacturing decision-making method is missing. Therefore, a prognostics and health management (PHM)-based method is proposed for instrumentation system remanufacturing in this paper. First, different categories of components are identified for in-situ monitoring using failure modes, mechanisms, and effects analysis (FMMEA). Then, a system-level performance index (PI) for each component is calculated based on the PHM techniques. Finally, the component health index for each component is achieved based on the corresponding system-level PI by an applicationspecific mapping model. The remaining useful life of the instrumentation can be optimally used, and thus the cost of remanufacturing can be minimized by using the method proposed.
INTRODUCTION
Remanufacturing recovers value from used products by replacing components or reprocessing used parts to restore the product to a like-new condition. Because it reduces both the natural resources needed and the waste produced, remanufacturing helps reduce the environmental burden [1] . Remanufacturing is easily and commonly confused with recycling, reconditioning, and repair due to similarities in the processes and final products. These similar processes are illustrated in [2] . As shown in Figure 1 , remanufacturing differs from traditional recycling in that the used products are "recycled" at a component level, as opposed to a raw material level. Reconditioning means that the used product is returned to a working condition but will not have a warranty equivalent to that of a newly manufactured product. Repair basically involves the correction of specific faults in the product. While remanufacturing requires more work (including energy and expense) than reconditioning or repairing, the resulting product will be higher quality and can have a warranty equivalent to that of a new product. Remanufacturing is currently practiced in numerous industry sectors, such as automotive and aerospace, imaging, instrumentation, and so on. This paper focuses on remanufacturing activities in the instrumentation industry. Instrumentation (process connections, instruments, wires, conduits, logic solvers, control programming) makes up the brain and central nervous system of a process operation. These pieces of equipment, when healthy, ensure safe and reliable operation, product quality, customer satisfaction, and optimal production capability [3] . Therefore, how to remanufacture instrumentation plays a decisive role in the safety and economy of a plant. Traditionally, remanufacturing is carried out when the instrumentation system has failed. The downtime and safety issues resulting from this practice could lead to both economic and safety losses. Currently, engineering experience is introduced to assist remanufacturing decision-making before actual failure happens. However, engineering experience usually cannot provide optimal decisions because of the complexity of the degradation process of the instrumentation system. For example, a smart instrumentation system often consists of both electrical and mechanical components that have different degradation processes under the same operating conditions, which prevents experts from making an optimal decision based on their experience. In addition, the operating conditions of the instrumentation system are usually changing, which makes the decision-making more difficult. Therefore, a novel method of remanufacturing decision-making for a smart process instrumentation based on prognostics and health management (PHM) is proposed in this paper. First, different categories of components are identified for in-situ monitoring using failure modes, mechanisms, and effects analysis (FMMEA). Then, a system-level performance index (PI) for each component is calculated based on the PHM techniques. Finally, the component health index for each component is achieved based on the corresponding system-level PI by an application-specified mapping model. This paper is organized as follows. Section 2 describes the basic concepts of PHM. Section 3 proposes the framework of the PHM-based method for instrumentation system remanufactured. Section 4 then presents an example of applying the method in the remanufacturing of smart temperature transmitters. Conclusions are given in Section 5.
II. OVERVIEW OF PROGNOSTICS AND HEALTH

MANAGEMENT
PHM is an enabling discipline consisting of technologies and methods to assess the reliability of a product in its life cycle conditions to determine the advent of failure and mitigate system risk [5] . The general framework of PHM methods [4] is shown in Figure 2 . First, a virtual life assessment is performed, where design data, expected life-cycle conditions, FMMEA, and physics of failure (PoF) models are the inputs to perform the virtual life assessment and thus prioritize the critical failure modes and mechanisms. Second, the monitoring parameters and sensor locations for PHM can be determined by combining the outputs of the virtual life assessment with the existing sensor and bus monitoring data, the diagnosis data, and maintenance and inspection records. Finally, based on the collected operational and environmental data, the health status and remaining useful life of the products can be assessed by PoF, data-driven, or fusion prognostic methods, which will be briefly introduced later. Then, the PHM information obtained can be used for maintenance forecasting and decisions that minimize life cycle costs, maximize availability, or provide some other utility function.
Typically, PHM has been implemented using the following three approaches: PoF-based, data-driven, and fusion methods. PoF-based approaches take into account the physical processes and interactions between components in the system [6] . The development of a PoF-based approach requires system-specific knowledge, such as geometry and material composition, and understanding of the underlying physical processes that lead to system failure. However, this information may not always be available. Data-driven approaches use statistical pattern recognition and machine learning to detect changes in parameter data, thereby enabling diagnostic and prognostic measures to be calculated [7] . Data-driven approaches depend on historical (e.g., training) system data to determine correlations, establish patterns, and evaluate data trends leading to failure. However, in many cases, there will be insufficient historical or operational data to obtain health estimates and determine trend thresholds for failure prognostics. Recently, a fusion method [8] is proposed to integrate the PoF-based and data-driven approaches to take advantage of the strengths of each approach while overcoming their limitations. The key point of the fusion method is that knowledge of the physical processes in the system can help in choosing the appropriate data-driven techniques for diagnosis and prognosis. 
III. FRAMEWORK OF THE PROPOSED PHM-BASED METHOD FOR INSTRUMENTATION SYSTEM REMANUFACTURING
A novel PHM-based method for instrumentation system remanufacturing is proposed in this Section. The framework of the method is shown in Figure 3 . First, the instrumentation system to be remanufactured is divided into several key components according to the characteristics of the system architecture. Second, the potential failure mechanisms and modes of each component are identified by FMMEA and related failure history reports of the system and component. Third, the system-level PI for each component is selected and calculated based on the PHM techniques, which are implemented by monitoring life cycle environment and operating loads. In detail either the PoF, data-driven, or fusion method mentioned in Section 2 can be used. The key challenge addressed here is to design proper data collection and feature extraction strategies to achieve accurate system-level PI for each component. Finally, an application-specific model is proposed to calculate component health index, namely, component degradation value (CDV), for each key component based on the system-level PI according to the characteristics and functionalities of the instrumentation system. Of course, if the CDV can be determined by PHM directly, the step for calculating system-level PI and the subsequent mapping step can be skipped. The key advantage of the proposed method is that the introduction of a system-level PI makes it a low-cost and non-intrusive approach to health monitoring, which helps to guide the remanufacturing process. IV. CASE STUDY The remanufacturing decision-making procedure for a smart temperature transmitter (STT), which is one of the most important components in the instrumentation system, is used to illustrate the proposed method. An STT measures the most critical process temperatures in process plants, and its architecture is shown in Figure 4 . A sensor, usually a resistance temperature detector (RTD) or a thermocouple, is used to measure the process temperature. Thermowell is a protective jacket (tube) that is used to protect the sensor from the process fluid and allow it to be easily replaced. The working principle of an STT is as follows. First, the sensor transfers the temperature signal received to the electrical signal, which can be processed by the electronics. Second, the electronics transfer the signal in its proper form to other instrumentation and the control room to implement the control function. According to the architecture, an STT can be divided into the following two categories of components: mechanical components and electrical components. In detail, one mechanical component (namely, thermowell) and two electrical components (namely, sensor electronics) are considered in this paper. The failure modes of each component can be identified by the related reliability database, such as the Licensee Event Report (LER) [9] database, the OREDA [10] database, and so on. The fault tree of the STT can be obtained as shown in Figure 5 Next, the system-level PI and the corresponding PHM methods to calculate the system-level PI for each component are determined. Response time (RT), which is one of the most important performance indexes of an STT, is selected as the system-level PI in this paper. In general, RT refers to the time required for the output of a sensor to reach 63.2% of its final value following a step change in temperature [11] . Then, the data collection and corresponding feature extraction methods are determined to calculate RT for each component under certain failure modes. The outputs of the sensor, which consists of the static and dynamic components, are collected to calculate RT due to thermowell-related faults and sensor-drift fault, respectively. As far as the thermowell-related faults are concerned, the features of the dynamic components (i.e., the noise signals) are extracted by fast Fourier transform (FFT) to obtain the power spectral density (PSD), which can be used to calculate RT [12] . As far as the sensor-drift fault is concerned, the static component of the sensor output can be used to calculate RT based on multivariate state estimation technique [13] . Then, an application-specific model is proposed to map the RTs to CDVs for the thermowell and sensor. In practice, the RT of the transmitter is required to be less than half of the controller scan rate. The model can be established according to this rule combined with the practical engineering requirements. An expected model can be established as shown in Figure 6 . Meanwhile, as far as the electronics-related fault is concerned, the CDV can be calculated directly based on the PHM method [14] . In detail, the output signals of the on-board temperature sensor, which lies on the circuit board to monitor the board temperature, are used to calculate the CDV due to solder joint fault of the circuit board. Finally, the CDVs for all three components are determined and the expected result is shown in Figure 7 . Considering that the radar diagram for component health description can be updated in real-time during the normal operation of the instrumentation, the remanufacturing activities can be effectively guided by the proposed PHM method. V. CONCLUSION A novel PHM-based method is proposed for remanufacturing instrumentation systems. Proper data collection and feature extraction methods have been designed to calculate system-level PI for each key component, and then component health status is achieved by the application-specific mapping model. The remaining useful life of the instrumentation can be optimally used, and thus the cost of remanufacturing can be minimized by using the method proposed.
